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Abstract. Combined heliosphere-astronomical data and models enrich our understanding both
of effects the solar galactic environment might have on the inner heliosphere, and of interstellar
clouds. Present data suggest that N(Fe+)/N(Do) increases toward the upwind direction of the cluster
of interstellar clouds (CLIC) flowing past the Sun. Cloud kinematics and abundances suggest an
origin related to a supershell around the Scorpius-Centaurus Association. The solar space trajectory
indicates the Sun entered the CLIC gas relatively recently.
1. INTRODUCTION
Combined studies of the heliosphere and surrounding interstellar cloud provide data on
the interstellar medium (ISM) both at a single location (scale ∼500 AU, the heliosphere
entry regions) and averaged over sightlines toward nearby stars (scale ∼106 AU). Ma-
jor quests of this relatively young discipline include finding the chemical composition,
physical properties, galactography, 1 isotropy, and homogeneity of the CLIC. The ulti-
mate goal is to determine whether historic variations in the boundary conditions of the
heliosphere may have affected the inner heliosphere regions and climate of Earth. The
astrophysical basis of these questions is addressed in this review.
In our Galactic neighborhood (<400 pc) interstellar clouds with densities 10−5−105
cm−3, temperatures 10− 106 K, and velocities 0–150 km s−1 are detected. The types
and properties of typical clouds include giant molecular clouds (P=(n(Ho), n(e−), tem-
perature, velocity)=(∼5000 cm−3, ∼2 cm−3, ∼20 K, ∼0 km s−1)), CO/H2 clouds
(P=(∼500, ∼0.1, ∼50, ∼0)), cold neutral clouds (P=(∼15, ∼0.15, ∼100, ∼2)), warm
neutral clouds (P=(∼15,∼0.20, ∼3000, ∼10)), warm partially ionized clouds such as
the LIC (P=(∼0.2,∼0.1, ∼6000, ∼15–20)), HII regions (P=(∼0, ∼10, ∼104, ∼0)), in-
termediate velocity clouds (P=(∼0, ∼0.3, ∼8000, ∼50)), high velocity clouds (P=(∼0,
∼0.5,∼8000, >100)), and tenuous soft-Xray emitting plasma (P=(∼0,∼0.0005,∼ 106,
unknown)). The intrinsic composition of the ISM is uncertain because of the mass tied
up in dust grains (∼1%), and abundance variations between cold and warm clouds which
persist after correction for ionization [1, 2, 3, 4, 5].
The CLIC appears to be typical warm diffuse low density interstellar material. Warm
low density clouds fill ∼50% of the galactic disk plane, and hence are the most likely
types of clouds to be encountered by the Sun. Also, warm low density clouds are
1 Here I introduce a new word “galactography” (the Galactic analog of “geography”), which refers to the
natural features (e.g. physical properties, morphology) of a region of the Milky Way Galaxy.
generally detected at higher velocities than cold clouds, although this may be partially
a line blending effect. Observations of the 21 cm line indicate that ∼60% of the Ho is
warm (500–13000 K), and ∼50% of the warm material is thermally unstable [6]. This
“not strongly absorbing” 21 cm emission is distinctly associated with superbubble shells
[7]. The cold gas itself is found in thin sheets with a width-to-thickness aspect ratio
of ∼ 300 [6]. Hydrogen Hα recombination emission from diffuse warm ionized gas
indicates∼10–30% of the ionized gas is associated with low density, warm (n(Ho)=0.2–
0.3 cm−3, T ∼8000 K) rims of low column density neutral clouds (<2 x 1020 cm−2)
[8]. If the LIC is a partially ionized cloud rim, the denser cloud may be the neutral
material seen upwind toward λ Sco. When low frequency (0.1–10 MHz) radio data are
combined with the Hα and pulsar dispersion measurements, a consistent picture emerges
indicating the warm ionized gas consists of clumped low density material, T ∼7000 K,
<n(e−)>∼0.23 cm−3, and∼2 pc radius [9]. The Sun is required to be located in such a
clump to explain the low frequency turnover in the radio spectrum. UV data also sample
the same material, and warm (∼7000 K) low density plasma (n(e−)∼0.3 cm−3) is seen
at low velocity toward µ Col and at high velocity toward 23 Ori [10, 2]. These generic
properties for warm low density gas, the global association between 21 cm emitting
warm Ho gas and superbubble shells, and the CLIC dynamics and abundances (§3),
suggest a superbubble origin for the local ISM.
2. THE NEAREST ISM
Radiative transfer models of interstellar gas within∼2 pc of the Sun, constrained by ISM
inside the heliosphere and toward nearby stars, indicate that the LIC at the solar location
(SoL) has n(Heo)∼0.015 cm−3, n(Ho)∼0.22 cm−3, n(e−)∼0.1 cm−3, and ∼70% solar
abundances [4, 5] (also see the paper by Slavin in this volume). Although these models
yield LIC properties that are now better constrained than for any other interstellar cloud,
many uncertainties remain. Low column density clouds such as the LIC are highly
inhomogeneous because photons efficient for ionizing Ho (∼13.6 eV) are attenuated
sharply in the outer cloud layers. For instance n(Ho)/n(Heo) varies by∼50% in the LIC,
since Ho and Heo are attenuated to 1/e at log N(Ho)∼17.2 and 17.7 cm−2 respectively
(Fig. 1). Partially ionized elements (H, He, Ar, Ne, O, N) and the ratios Mg+/Mg0 and
C+/C+∗ 2 provide the most stringent constraints on n(e−). Observations of nearby stars
give sightline integrated results while ISM data inside of the solar system (Heo, Ho,
pickup ions and anomalous cosmic rays) anchor the radiative transfer models with data
at the SoL. Ionizations predicted at the SoL are∼ 29% for H,∼27% for O,∼48% for He,
∼41% for N,∼88% for Ne, and∼80% for Ar. The best RT models reproduce CLIC data
toward ε CMa and yield filtration factors (the fraction of interstellar neutrals successfully
penetrating the heliosheath regions) for O, N, Ar, He, and Ar that are consistent with
theoretical models [11].
The RT models investigated by Slavin and Frisch ([4, 5], SF02) allow a range of H
2 The ratios Mg+/Mg0 and C+/C+∗ are sensitive to photoionization and collisional processes, respectively.
and He ionization levels and yield N(Ho)/N(Heo)=9–14 for LIC-like clouds; this range is
consistent with white dwarf data giving N(Ho)/N(Heo)=12–16 [12]. The key parameter
is the radiation field, shown at cloud surface for Model 2 (SF02, Fig. 1). The observed
radiation field consists of contributions from the diffuse soft X-ray background, massive
stars such as ε CMa, and white dwarf stars. The radiation field must be dereddened to
infer the radiation field throughout the LIC from observations at the SoL. Radiation with
λ ∼ 500 A which ionizes Heo and Neo is the least well constrained observationally. A
conductive interface on the cloud surface will contribute emission in this interval (see
the Slavin paper). The principal deficiency of the best RT models (chosen to match
the widest range of observational data) is the predicted temperature (which is ∼2000
K too high). However since the temperature is extremely sensitive to the abundance
of the primary coolant C+, which has abundance uncertainties of ∼100% [13], this
shortcoming may not be significant.
The interstellar magnetic field at the SoL is poorly understood, and the picture is
essentially unchanged since my 1990 talk at the Warsaw COSPAR Symposium [14].
Data on the polarization of nearby stars show a patch of magnetically aligned dust grains
in the upstream direction [15], but these results have not been reproduced [16]. From
these data the magnetic field direction is parallel to the galactic plane and directed toward
l∼70o. This orientation is consistent with Voyager 3 kHz radio emission data which
show a preferred direction parallel to the galactic plane [17]. Possibly the 3kHz emission
is related to the draping of the magnetic field around the heliosheath since the classical
charged interstellar dust grains polarizing the starlight (radii∼0.1–0.2 µm) are deflected
around the heliosheath [18, 19]. Polarization strengths vary little in the first 10 parsecs,
indicating the polarization occurs within 10 pc of the Sun [14]. The region of maximum
starlight polarization is slightly below the ecliptic plane (β = 0o →−15o) but also near
the upstream direction in the local standard of rest (LSR) [11]. Weak field strengths
(∼1.5–3.0 µG) are consistent with both polarization data [14] and Faraday rotation
caused by ambient low density weakly ionized ISM [20]. Flux freezing arguments do
not appear valid, since Zeeman splitting studies of the 21 cm Ho line show that the
FIGURE 1. Left: The ratio between the volume densities of n(Ho) and n(Heo) as a function of distance
from the LIC surface. The Sun is located at N(Ho)=6.5 x 1017 cm−2. Right: The interstellar radiation field
at the cloud surface after dereddening. Shown are Model 2 results from [4].
parallel component of the magnetic field has little correlation with cloud density [21].
3. THE CLIC
The kinematics and abundance patterns of the CLIC tell us a lot about its origin, in the
first case because cloud motions are traced, and in the second because gas-phase abun-
dances are enriched by grain processing in interstellar shocks [22, 23]. Diffuse clouds are
identified from the velocity structure of the absorption lines, assuming Doppler broaden-
ing from thermal motions plus a catch-all factor interpreted as turbulence. Good data are
important for identifying velocity structure since component crowding in velocity space
increases exponentially with improvements in instrumental resolution [2]. Observations
of UV and optical lines indicate CLIC temperatures are mainly in the range 5000 K to
<30000 K, with typical turbulent broadening of ξ =1.5–2.5 km s−1. However several
local colder clouds (T<< 103 K) detected toward stars at distances of ≥50 pc may be
part of the Loop I shell [24].
The Sun is embedded in a flow of interstellar cloudlets (the CLIC); it is a robust result
that the upstream direction of this flow is toward the Scorpius-Centaurus Association
(SCA) [24]. Observations3 of ∼100 absorption lines sampling the CLIC give a flow
velocity with respect to the Sun (heliocentric) of (l,b,V ) = (12.4o, 11.6o, –28.1±4.6
km s−1). This velocity vector can be converted to the LSR by removing the solar
apex motion, giving (l,b,V )= (331.4o,–4.9o,–19.4 km s−1) and (l,b,V )= (2.3o,–5.2o,–
17.0 km s−1), respectively, for the Standard and cool star apex motions [24]. 4 The large
dispersion in the CLIC velocities (∼5 km s−1) indicates a turbulent flow. Regardless
of the assumed solar apex motion, the upstream direction is toward the SCA [27, 24],
which shows highly structured shell-like Ho filaments and a superbubble (Loop I) with
radius >90o that dominates the northern sky [28].
The LIC is a cloudlet in the CLIC and it is the only cloudlet with an unambiguous
3D velocity vector because of the Ulysses Heo data [29]. The LIC velocity5 projects to
–17.3 km s−1 in the α Cen (1.3 pc) sightline (using Ulysses n(Heo) data [29]), compared
to observed Fe+, Mg+, Do, and Al+ velocities ranging between –17.6±1.5 km s−1 and
–19.6±0.6 km s−1 [30, 31, 32]. This small velocity difference has been interpreted to
mean the LIC terminates within∼104 AU of the Sun in this direction, but the difference
is smaller than the turbulent velocity of 1.5±0.3 km s−1.
At least five individual clouds are kinematically distinct in this flow, including a cloud
at –32 to –35 km s−1 (depending on the angular extent of the cloud) and located within 5
pc of the Sun in the solar apex direction [33, 24, 34]. A velocity component denoted the
3 Only the radial velocity component of the velocity is observed.
4 The Standard solar apex motion is 19.7 km s−1 toward l=57o, b=+22o [25], while the apex motion
determined from Hipparcos observations of cool stars is 13.4 km s−1 toward l=27.7o, b=32.4o [26]. The
cool-star apex motion reflects the greater age of cool stars which have kinematically relaxed with respect
to shorter-lived massive stars.
5 The LIC heliocentric upstream vector is (l,b,V )= (3.3,+15.9,–26.3 km s−1), which converts to an LSR
vector (l,b,V )= (317.8 o,–0.5o,–20.7 km s−1) for the Standard, and to (l,b,V )= (346.0o,+0.1 o, –15.7 km
s−1) for the cool star apex motion.
"G-cloud" (for galactic center hemisphere) has been identified to explain a large number
of velocity components in the upstream direction, including the cloud toward α Cen
(∼1.3 pc) [35]. The G-cloud, however, appears to result from the overlap in velocity
space between distinct cloudlets clustering around the bulk flow velocity of CLIC and
at different distances [24]. However if the G-cloud is a single cloudlet, the data shows it
must be dense (n(Ho)>5 cm−3, [34]).
Inhomogeneities in the ISM were first observed over 50 years ago as systematic
increases of N(Ca+)/N(Nao) with cloud velocity [36]. Similar increases in refractory
element (e.g. Fe, Mg, Si, Mn) abundances with cloud velocity are successfully modeled
by the shattering and evaporation of interstellar dust grains in shocks [22, 23, 1, 2].
Abundances of Fe+ and Mg+ in the CLIC are reproduced by thermal sputtering of
dust grains in ∼100 km s−1 shocks [18]. However Fe+ abundances are nonuniform
locally, and there is a factor of ∼6 difference between the maximum value of the ratio
Fe+/Do in the upstream direction (toward α Cen A,B and 36 Oph) and minimum value
toward the downstream direction (toward l∼160o and α Aur, e.g. [30, 32]). Fig. 2 (left)
shows N(Fe+)/N(Do) for absorption components in∼30 stars sampling the CLIC plotted
against the angle between the star and LSR upstream direction (l=331o, b=–5o). The
Fe+ abundance increases as the view-direction sweeps upwind, which is consistent with
either an ionization or abundance gradient in the CLIC. The alternative possibility is
that the Sun is near the boundary of two cloudlets, as Collier et al. [37] have suggested
based on data showing two interstellar neutral gas streams at 1 AU. Some components
that are exceptions to this trend may sample non-CLIC gas. Components toward HD
333262 and HD 220657 appear to have either anomalously large Fe abundances or
ionization. The nearby cloudlets toward λ Sco and α Oph are neutral and significantly
denser (n(Ho)>2–5 cm−3) than the LIC [38, 34, 39].
Origin and Galactography. The local origin of the weak Ca+ absorption com-
ponents observed toward Scorpius and Ophiuchus stars has long been recognized
[46, 47, 48], and identified with the interstellar material inside of the solar system [49].
Based on cloud kinematics and refractory abundances, Frisch [27, 45, 50] modeled the
local gas as a fragment of superbubble shell around the Scorpius-Centaurus association
that has expanded away from SCA region into the low pressure interarm region of the
Local Bubble. Combined superbubble shell expansion models and stellar evolution in
the SCA subgroups indicates the CLIC properties are consistent with a 4 Myr old su-
perbubble shell6 expanding into low density gas remaining from an earlier episode of
star formation. Building on the superbubble concept, the CLIC has been modeled as a
Rayleigh-Taylor instability formed by the interaction of Loop I and the Local Bubble,
which were speculated to have merged 1-10 Myrs ago [51]. These instabilities involve
magnetic reconnection in bubble walls which eject ∼1 pc diameter blobs of gas to the
solar vicinity. A third model of the CLIC origin origin assumes that magnetic flux tubes
detach from the walls of the Local Bubble around Sun and spring back toward Sun car-
rying clumps of gas embedded in relatively strong magnetic fields (∼7 µG, [52]), but
predict local magnetic field directions conflicting with the polarization data.
6 In a typographical error, [45] incorrectly lists this age as 400000 years.
Tracing the solar trajectory backwards in time indicates the Sun has been embedded
in the low density interior of the Local Bubble for several million years [54, 55]. The
solar trajectory compared to dust clouds in the Local Bubble is shown in Fig. 2 (right),
for both the Standard and cool-star apex motions.
I prefer local galactography models which invoke filamentary or sheet-like structures
for the CLIC, rather than egg-like models based on smoothing algorithms [56]. The
ISM is replete with spectacular filamentary structures, found at all velocities and in both
neutral and ionized gas. Emission lines trace relatively young supernova blast waves
interacting with low density clouds, such as features seen toward the Cygnus Loop where
collisionless shocks accelerate the plasma but not neutral gas [57]. Starlight polarization
[15], the EUV source distribution [58], and the high column densities inferred for the
G-cloud toward α Oph, λ Sco and HD 149499B [34, 38, 42] all suggest that the CLIC
material in the upstream direction is within∼10 pc of the Sun.
For the morphology shown in Fig. 3, the Sun emerged from the Local Bubble inte-
rior and entered the outflow from the SCA within the past ∼ 105 years, and the LIC
within the past 2000–8000 years [59, 50]. Edge effects occurring as the Sun passes
through/between cloudlets where magnetic field strength or density may vary appear to
perturb the heliosphere and modify the cosmic ray flux in the inner heliosphere, and
possibly the terrestrial climate [55, 60, 61]. The emergence of homo sapiens coincided
approximately in time with the Sun’s entry into the CLIC, which resulted in a contracted
FIGURE 2. Left: N(Fe+)/N(Do) plotted against the angle (in degrees) between the background star and
the LSR upwind direction (using the Standard solar apex motion). The plot is based on data from [40, 32,
38, 41, 42]. The G191-B2B component at –9.9 km s−1 appears at an angle 174o, and N(Fe+)/N(Do)=2.14,
and is not plotted. The open circles represent lower resolution data (∼15–20 km s−1) toward the stars α
Oph, λ Sco and HD 149499B. The remaining data were acquired primarily at resolutions 2–3 km s−1.
For several stars, N(Do) is derived from Ho using N(Do)/N(Ho)=1.5 x 10−5 or O/H=400 ppm. Right:
The space trajectory of the Sun with respect to nearby interstellar clouds within ∼200 parsecs. Filled dots
represent CO and dust clouds from the compilation in [43], open circles represent infrared-bright (60 µm)
dust surrounding B stars [44], and small dots are nearby early type stars (O–B2). Solar motion is shown
for both Standard and cool-star solar apex motions (arrows, see §3), and a dotted circle is drawn at 100
pc. The solid circles are the superbubbles around the Upper Scorpius, Lower Centaurus-Crux and Upper
Centaurus Lupus subgroups of the SCA [28, 45]. The past deficit of ISM surrounding the Sun is evident.
FIGURE 3. The local (<5 pc) ISM filamentary structure shown here is based on the assumption that
the LIC velocity vector is parallel to the cloud surface normal [59, 50], which then yields a magnetic field
direction nearly parallel to the cloud surface (based on the polarization data of [15]). Figure credit: Linda
Huff at American Scientist and [53]; used with permission.
heliosphere and the appearance of anomalous cosmic rays [62, 63]. Cosmic rays at the
Earth appear to affect cloud formation [64] and the global electrical circuit [65].
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